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Introduction {#sec001}
============

Arthritic diseases are characterized by pain, stiffness, and joint inflammation, which eventually lead to articular cartilage (AC) destruction and disability. Osteoarthritis (OA) and rheumatoid arthritis (RA) are the most debilitating forms of arthritis\[[@pone.0127165.ref001]\]. AC is the highly specialized connective tissue responsible for frictionless movement between the articulating joint surfaces and the transmission of loads with a low frictional coefficient \[[@pone.0127165.ref002]\]. AC lacks blood vessels and lymphatic supply, has a limited capacity for intrinsic healing and repair, and has structural arrangements that are challenging for repair and restoration \[[@pone.0127165.ref003]\]. Chondrocytes of AC are embedded in a matrix comprising type II collagen (CII) proteoglycans and water \[[@pone.0127165.ref004]\]. Water comprises 60--80% of the wet weight of cartilage. Biomechanical properties of collagen and proteoglycan provide tensile and cushioning properties of AC, respectively \[[@pone.0127165.ref005]\].

The destruction of the AC is associated with reduced synthesis of the matrix components by articular chondrocytes and the enhanced breakdown of the matrix by disintegrin and metalloproteinase with thrombospondin motifs (ADAMTs) and matrix metalloproteinases (MMPs)\[[@pone.0127165.ref006]\]. The degradation of proteoglycan is an early and reversible process, whereas the breakdown of the collagen network in AC by collagenases results in the irreversible destruction of the fibrillar network\[[@pone.0127165.ref004], [@pone.0127165.ref007]\]. The treatment of arthritis involves different combinations of drugs offered at different stages of the disease to control inflammation and swelling by blocking the prime inflammatory processes \[[@pone.0127165.ref008]\]. To date, no pharmacological intervention offers protection or treatment from destruction of AC in arthritic conditions \[[@pone.0127165.ref009], [@pone.0127165.ref010]\].

Polyphenols, many of which are well known for their antioxidant and anti-inflammatory activities, are consumed as micronutrients in the human diet, with an average consumption of 1g/day\[[@pone.0127165.ref011], [@pone.0127165.ref012]\]. Polyphenols taken orally are extensively metabolized in the intestinal and hepatic systems, and the metabolites in the plasma differ in their biological activities\[[@pone.0127165.ref012]\]. Polyphenols are also an integral part of traditional medicines for the treatment of arthritis in many countries\[[@pone.0127165.ref011]\]. Epigallocatechin gallate (EGCG), quercetin (QUE), and catechin (CAT) are the major polyphenols in preclinical research for the treatment of cancer\[[@pone.0127165.ref013], [@pone.0127165.ref014]\], arthritis\[[@pone.0127165.ref015]\], diabetes\[[@pone.0127165.ref016], [@pone.0127165.ref017]\], cardiovascular diseases\[[@pone.0127165.ref018]\], and other inflammatory diseases\[[@pone.0127165.ref016]\]. Tannic acid (TA) extracted from oak trees also has beneficial biological activities in cancer and diabetes \[[@pone.0127165.ref019]--[@pone.0127165.ref021]\]. Previous findings relating to the role of polyphenols in arthritis mostly elucidate the mechanisms of inhibiting inflammatory cytokines or MMPs \[[@pone.0127165.ref015], [@pone.0127165.ref022]--[@pone.0127165.ref028]\].

The process of vegetable tanning dates back to ancient times. In the process, the conversion of skin/hide (type I collagen) matrix into leather is done through the crosslinking of plant polyphenols (tannin) with the type I collagen matrix. Polyphenols interact with collagen through hydrophobic association and hydrogen bonding. The multiple hydroxyls functional groups present in the polyphenols will have the ability to have hydrogen bonding with the side functional groups and peptide backbone of collagen triple helices \[[@pone.0127165.ref029], [@pone.0127165.ref030]\]. Thus, crosslinked collagen matrices attain stability against enzymatic degradation \[[@pone.0127165.ref031], [@pone.0127165.ref032]\]. Based on conventional wisdom of vegetable tanning, we hypothesize the binding of polyphenols with type II collagen (CII) in AC and prevention of cartilage degradation.

In this study, we demonstrate the binding of polyphenols (EGCG, QUE, CAT, and TA) to collagen in bovine AC explants, leading to stability against collagenases. The bioavailability of polyphenols (including those in the synovial space) through the oral route is probably nonexistent. Therefore, we attempted to study the effect of intra-articular injections of plant polyphenols on cartilage protection through an *in vivo* model of collagen-induced inflammatory arthritis (CIA).

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Catechin hydrate (CAT), quercetin dihydrate (QUE), epigallocatechin gallate (EGCG), tannic acid (TA), collagenase (type IA), chondroitin sulfate, hydroxyproline, and complete Freund\'s adjuvant (CFA) were purchased from Sigma Aldrich, India. Sterile scalpel blades (Surgeon, India) were purchased at a local pharmacy. All other reagents were of analytical grade and purchased from HiMedia Laboratories, India.

Ethics statement {#sec004}
----------------

Animal experiments were carried out in strict accordance with the norms of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) in the institutional animal house. The animals were fed a standard commercial diet with water *ad libitum*. The protocol was approved by our Institutional Animal Ethical Committee (IAEC) of the CSIR---Central Leather Research Institute (IAEC No: 03/02/2011b). All the rats were purchased from the National Centre for Laboratory Animal Sciences (NCLAS), Hyderabad, India.

Articular cartilage explants {#sec005}
----------------------------

Fresh bovine tibio femoral joints were collected from a slaughterhouse. The cartilage surfaces were visually inspected for the absence of degeneration. Cartilage slices in thicknesses ranging 1.2--2.4 mm were dissected from the surfaces (lateral and medial condyles) using a scalpel. The cartilage slices were punched to obtain samples of uniform size and weight. The samples were washed in cold saline, transferred to sterile cold water, and stored at -40°C until use.

Collagen, glycosaminoglycan, and water content estimation of AC explants {#sec006}
------------------------------------------------------------------------

The cartilage samples were grouped and placed in centrifuge tubes containing PBS. They were then utilized for the estimation of water content, collagen, and glycosaminoglycans (GAG). The water content was determined by the difference between the wet and dry weights of the cartilage. The amount of GAG present in the cartilage explants was determined after papain digestion using dimethylmethylene blue (DMMB) dye \[[@pone.0127165.ref033]\]. Initially, the cartilage explants were incubated overnight at 65°C in 2 mL of papain digest solution (i.e., papain solution \[1%\], which was prepared by dissolving 1 g of papain in 100-mL PBE buffer \[PBE buffer: 100-mM Na~2~HPO~4~, 10-mM EDTA, 5-mM cysteine, 500-mL deionized water, final pH 6.5) for complete cartilage digestion. The digested sample was then centrifuged at 6,000 rpm to remove any insoluble components, and the supernatant was stored at ˗4°C\[[@pone.0127165.ref033], [@pone.0127165.ref034]\]. Chondroitin sulfate obtained from bovine trachea was used as a standard to estimate the amount of GAG. The total amount of GAG was estimated by adding 200 μL of DMMB solution to the volume of 50 μL of papain-digested supernatant and read on a microplate reader at 525 nm. The collagen content was determined using the method reported by Woessner \[[@pone.0127165.ref035]\]. By estimating the hydroxyproline content of the hydrolyzed cartilage (treated with 6N HCl at 118°C, for 12 h, in sealed hydrolysis tubes) using dimethylaminobenzaldehyde and chloramine T, a standard curve was generated with standard hydroxyproline. The amount of collagen = amount of hydroxyproline determined × 7.4 (conversion factor).

Thermal stability of AC explants {#sec007}
--------------------------------

Differential scanning calorimeter (DSC) analysis is widely used to determine the physicochemical transformations that occur during thermal degradation \[[@pone.0127165.ref036], [@pone.0127165.ref037]\]. The thermal stability of cartilage depends on the distribution of therapeutic (polyphenol) molecules inside the matrix and their interactions with the collagen fibrils of AC. AC explants were treated with polyphenols (200 μM), at 37°C for 48 h, in a shaking incubator. Stock solutions of polyphenols were prepared in PBS except QUE, which was prepared using DMSO as co-solvent at DMSO:PBS of 1:3. AC explants incubated only with PBS and stored at 4°C were used as controls to prevent autolytic degradation of AC at 37°C. The cartilage samples were washed within 24 h of incubation in PBS. After washing, the cartilage samples (with and without polyphenol treatment) were placed on tissue paper to remove excess surface buffer (the moisture of AC is \~65%). They were then weighed and placed in an aluminum pan for calorimetric analysis using TA Instruments Model DSC Q200/NETZSCH DSC 204 F1. The samples were analyzed in the temperature range 25--150°C at a heating rate of 5°C/min \[[@pone.0127165.ref038]\].

Enzymatic stability of AC explants {#sec008}
----------------------------------

To study the effect of polyphenol treatment on the enzymatic stability of AC, the explants were treated with polyphenols dissolved in PBS (CAT, QUE, EGCG, and TA) at 200 μM for 48 h, in a shaking incubator, at 37°C. AC explants incubated only with PBS were used as controls. The treated explants were again incubated for 24 h in PBS to wash out free polyphenols, as their presence can inhibit collagenase. The explants were then incubated in collagenase at 37°C for 96 h. The ratio of collagen (in cartilage explants) to collagenase was maintained at 50:1 (w/w), and the reaction was buffered at pH 7.4 with 0.1-M Tris-HCl and 0.05-M CaCl~2~. After 96 h, the reaction was stopped, and the mixture was centrifuged for 15 min at 10,000 rpm. The supernatant was analyzed for soluble collagen and GAGs using the Woessner method\[[@pone.0127165.ref035]\] and DMMB dye\[[@pone.0127165.ref033], [@pone.0127165.ref034]\] respectively, and the percentage release thereof was calculated using the Eqs [1](#pone.0127165.e001){ref-type="disp-formula"} and [2](#pone.0127165.e002){ref-type="disp-formula"} given below.
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Physical stability of AC explants {#sec009}
---------------------------------

To study the effects of the polyphenols on physical properties of cartilage, the compression strength of the cartilage with and without incubation in polyphenols was determined using a Brookfield CT3 10K Texture Analyzer (USA). AC explants 5 mm in diameter within a narrow weight range (18--22 mg) were obtained. The cartilage samples were separated into six groups (three samples per group). Five cartilage groups were incubated with or without 200 μM polyphenols (CAT, QUE, EGCG, and TA, respectively) at 37°C for 96 h. Another additional control group was stored at 4°C. The load required for 50% compression (i.e., half of its original thickness) of the incubated cartilage samples was determined. Prior to compression measurement, the cartilage samples were equilibrated with PBS pH 7.4 for 4 h at room temperature (25°C) and then placed directly below the probe in a stainless steel plate with a thin layer of PBS on the circular plate of the instrument. The probe was allowed to compress the cartilage with the target of 50% compression at a defined speed (0.1 mm/sec) to examine the unconfined compression properties \[[@pone.0127165.ref023], [@pone.0127165.ref039]\].

*In vivo* analysis of the effect of polyphenol in protecting AC in collagen-induced arthritic rats {#sec010}
--------------------------------------------------------------------------------------------------

Forty-two female Wistar rats, 6--8 weeks old and weighing 130--180 g, were used to evaluate the effect of the intra-articular injection of polyphenols (EGCG and TA) in protecting AC under arthritic conditions. The animals were grouped for both prophylactic and therapeutic treatment conditions as shown in [Table 1](#pone.0127165.t001){ref-type="table"}.

10.1371/journal.pone.0127165.t001

###### Grouping of animals to evaluate the efficacy of prophylactic and therapeutic treatment of polyphenols.

![](pone.0127165.t001){#pone.0127165.t001g}

  Groups                       Number of rats           
  ---------------------------- ------------------------ ---
  Negative Control (NC)        6                        
  **Prophylactic Treatment**   Positive Control (PPC)   6
  Treatment with EGCG (PE)     6                        
  Treatment with TA (PT)       6                        
  **Therapeutic Treatment**    Positive Control (TPC)   6
  Treatment with EGCG (TE)     6                        
  Treatment with TA (TT)       6                        

The EGCG and TA solutions were prepared fresh each injection day by dissolving the desired weights in sterile saline under aseptic conditions. For each leg, a dose of 300 μg (i.e., 25 μl from 12 mg/ml stock solution) of EGCG or TA was injected intra-articularly in the tibiofemoral joints of the rats of the respective groups. Positive control (PPC & TPC) and NC were injected with saline.

Collagen-induced arthritis {#sec011}
--------------------------

CIA was induced in all rats except the NCs (i.e., without disease) by the intradermal injection of an antigenic mixture in the back (dorsal part) and rear feet. Type II collagen (CII) from bovine AC was prepared and purified; the final concentration of 2 mg/ml was obtained by suitable dilution using 0.05 M acetic acid and was then stored at 4°C. Heat-killed *M*. *tuberculosis* (HKMtb) collected from the Tuberculosis Research Centre (TRC---Chennai, India) was processed as described previously \[[@pone.0127165.ref040]\]. On the day of CIA induction, HKMtb was emulsified in an ice bath with an equal volume of CII solution and CFA to obtain a final concentration of 2 mg/ml. Finally, the antigenic mixture (300 μl in six divided doses) was injected over four sites in the rats\' backs and two at each foot on day 0 (induction injection) and similarly on day 7 (booster injection). The volumes of the rats\' hind paws were examined periodically for arthritis development using a plethysmometer.

Prophylactic treatment and induction of CIA {#sec012}
-------------------------------------------

Through prophylactic treatment, we sought to ensure that the binding of polyphenols took place before the induction of arthritis; therefore, any significant protection of cartilage degradation would be direct proof of the binding of polyphenols to AC. Three prophylactic treatment groups with 6 rats per group (EGCG treatment \[PE\], TA treatment \[PT\], and sterile PBS---prophylactic positive control \[PPC\]) were used. Intra-articular injections of 25 μL (per leg) from 12 mg/ml stock of EGCG, TA, or PBS in five doses (on days -13, -10, -7, -4, and -1) were completed before the first arthritis induction immunization (on day 0).

Induction of CIA and therapeutic treatment {#sec013}
------------------------------------------

For therapeutic treatment, five doses of polyphenols (TA and EGCG) or control PBS in 25 μL of volume were injected on days 19, 22, 25, 28, and 31 after immunization.

Analysis of the articular cartilage {#sec014}
-----------------------------------

Both the prophylactic and therapeutic groups were sacrificed on day 43 of immunization, and the tibiofemoral joints of 3 rats in each group were fixed in 10% formalin. They were then decalcified and dehydrated and spliced sagitally into two halves ([S1 Fig](#pone.0127165.s001){ref-type="supplementary-material"}). Midsections of 3-μm thickness were obtained from embedded tissues on spliced side and stained with hematoxylin and eosin (H&E) and masson\'s trichrome \[[@pone.0127165.ref024]\]. Degradation (blind) scoring of both tibial and femoral end cartilage was carried out in six histological sections (i.e. six joints from 3 rats). Quantitative histomorphological scoring of cartilage degradation was as follows: Score 0 (normal cartilage), Score 1 (minimal damage), Score 2 (moderate damage), and Score 3 (maximum damage) \[[@pone.0127165.ref041]\]. An independent expert pathologist, without knowledge of the experimental groups did the scoring.

Statistical analysis {#sec015}
--------------------

The statistical analysis was performed with GraphPad Prism version 5. Statistical significance was defined as P-value ≤ 0.05. Data were analyzed by one-way ANOVA, RM-ANOVA, or the unpaired Student\'s *t*-test, as appropriate.

Results {#sec016}
=======

Collagen, GAG, and water content {#sec017}
--------------------------------

In RA and OA, the degradation of proteoglycans and collagen on the cartilage surface allows more water to penetrate and loosen the matrix, thereby affecting the load-bearing abilities of the cartilage. The presence of water, proteoglycans, and collagen is important in maintaining the physical properties of AC. The loss of proteoglycans will cause a change in the water content and subsequent loss of elasticity and resilience. The cartilage explants were analyzed for water content, which was in line with previous reports, at 70.21± 2.41% \[[@pone.0127165.ref042]\]. The total collagen content of the wet cartilage was 14.03 ± 0.25%, about 47% of the dry weight. The GAG content of the explants was found to be 5.24 ± 0.81% (on a wet-weight basis).

Thermal stability of polyphenol-treated cartilage {#sec018}
-------------------------------------------------

Relatively little information is available on the thermal properties of mammalian hyaline cartilage, particularly the effect of drugs on the thermo-physiochemical properties of AC. Here, for the first time, bovine AC has been studied using DSC to evaluate the effect of polyphenols on the thermal stability of articular cartilage. DSC thermograms of native and polyphenol-treated AC are shown in [Fig 1](#pone.0127165.g001){ref-type="fig"}, and the denaturation temperature of cartilage is presented in [Table 2](#pone.0127165.t002){ref-type="table"}. The polyphenol-treated cartilage showed increases in the thermal stability of collagen from 8--16°C with reference to native cartilage; EGCG and TA showed the maximum increases in the thermal stability of cartilage (12 and 16°C respectively), whereas QUE and CAT exhibited only 8 and 10°C increases in thermal stability respectively, with reference to native untreated cartilage. Enhancement in thermal stability indicates the binding of polyphenols with the collagen in the cartilage matrix, as well as collagen crosslinking. The aromatic rings of polyphenols could also be involved in hydrophobic association with aromatic side-chain functional groups of collagen type II\[[@pone.0127165.ref030], [@pone.0127165.ref043]\].

![Differential scanning calorimetric (DSC) analysis.\
Thermograms of control (native) and polyphenol-treated (CAT, QUE, EGCG, and TA) bovine AC samples (representative picture)](pone.0127165.g001){#pone.0127165.g001}

10.1371/journal.pone.0127165.t002

###### Increase in thermal denaturation temperature of polyphenol-treated cartilage with reference to native untreated bovine cartilage determined using DSC.

![](pone.0127165.t002){#pone.0127165.t002g}

  Treatment                      Increase in Thermal Denaturation Temperature[^a^](#t002fn001){ref-type="table-fn"} (°C)
  ------------------------------ -----------------------------------------------------------------------------------------
  **Catechin**                   10 ± 0
  **Quercetin**                  8.5 ± 1.5
  **Epigallocatechin gallate**   12 ± 2
  **Tannic acid**                17.5 ± 0.5

^a^ n = 2; experiments were performed on two independent sets of bovine AC.

Enzymatic stability of cartilage explants {#sec019}
-----------------------------------------

Polyphenol binding and crosslinking render cartilage resistant to enzymatic degradation. The percentages of collagen and GAG released from the cartilage explants after the enzymatic treatment are presented in [Table 3](#pone.0127165.t003){ref-type="table"}. The untreated cartilage showed collagen degradation of about 72%, whereas the polyphenol-treated cartilage samples showed a significant level of protection from enzymatic collagen degradation. The EGCG, TA, and CAT treatments were more protective (i.e., statistically significant), showing only 24, 29, and 32% collagen degradation, respectively, against collagenase digestion. QUE showed lesser protective action against collagenolytic degradation. GAG release from the cartilage matrix after collagenase treatment was also lower (statistically significant) for cartilage pre-treated with EGCG (9.1%) and TA (8.9%) than the control which was 18.8%; whereas, cartilage treated with CAT and QUE showed 13.1 and 12.8% GAG release, respectively.

10.1371/journal.pone.0127165.t003

###### Percentage of collagen degradation and release of GAGs from bovine AC (with and without polyphenols) treated with collagenase.

![](pone.0127165.t003){#pone.0127165.t003g}

  Polyphenol (200 μM)            \% Degradation of collagen (from AC)[^a^](#t003fn001){ref-type="table-fn"}   \% Release of GAGs[^a^](#t003fn001){ref-type="table-fn"}
  ------------------------------ ---------------------------------------------------------------------------- ----------------------------------------------------------
  **Control(PBS medium)**        72.5 ± 13.6                                                                  18.86 ± 0.60
  **Catechin**                   32.1 ± 6.0[\*](#t003fn002){ref-type="table-fn"}                              13.18 ± 1.43
  **Quercetin**                  42.7 ± 4.9                                                                   12.89 ± 1.19
  **Epigallocatechin gallate**   24.6 ± 1.3[\*](#t003fn002){ref-type="table-fn"}                              9.10 ± 1.59[\*](#t003fn002){ref-type="table-fn"}
  **Tannic acid**                29.0 ± 3.4[\*](#t003fn002){ref-type="table-fn"}                              8.96 ± 1.07[\*](#t003fn002){ref-type="table-fn"}

^a^Data were analyzed using one-way ANOVA with Bonferroni post hoc test. The EGCG (P\<0.01), TA (P\<0.05), and CAT (P\<0.05) treated groups showed significantly reduced percent degradation of collagen compared to controls. Similarly, the percent release of GAG in the EGCG- (P\<0.01) and TA-treated (P\<0.01) groups had significantly reduced (P-value: 0.0268) compared to controls but no statistical significance was observed in CAT and QUE. The values are represented as Mean ± SEM, n = 3.

(\* indicates significant difference in comparison to control, P\<0.05.)

Physical stability of AC (compression analysis) {#sec020}
-----------------------------------------------

Load-bearing ability is an important physical property of the AC; however, the cushioning property of cartilage is lost if the collagen and GAG are degraded. The effect of polyphenolic interactions may alter the compressive properties of the cartilage. To determine the changes in compressive properties, the compression load of AC samples with and without polyphenol treatment were analyzed; cartilage samples incubated for 96 h are presented in [Fig 2](#pone.0127165.g002){ref-type="fig"}. The control cartilage incubated in PBS for 96 h at 4°C and 37°C exhibited a mean load of 315.8 and 228.8 g for 50% compression of the AC. The mean values of polyphenol-treated ACs were not statistically different from the control values shows that there is no alteration in the mechanical properties of polyphenol treated AC samples.

![Compression analysis of AC.\
Compressive load at 50% compression of AC incubated 4 days without and with polyphenols 200-μM (CAT, QUE, EGCG, TA) prepared using PBS; figure shows day-4 results; no significant difference (P\>0.05) was observed between the control and polyphenol-treated samples; values are represented in Mean ± SEM, n = 3.](pone.0127165.g002){#pone.0127165.g002}

Effect of intra-articular injections of polyphenol (EGCG or TA) in AC protection of CIA rats {#sec021}
--------------------------------------------------------------------------------------------

*In vitro* studies showed that the treatment of cartilage with polyphenols stabilizes the cartilage enzymatically and thermally, and does not significantly alter the mechanical properties. Because of the poor bioavailability of polyphenols in circulation, particularly in synovial fluids, it is likely that limited observations have been made concerning its salutary effect on AC. We hypothesize that polyphenols injected intra-articularly will interact with type II collagen of AC and stabilize it against degradation by MMPs. Furthermore, the more efficient (in the thermal and enzymatic stabilization of AC) polyphenols (EGCG and TA) were selected for the *in vivo* studies of the protective effect on cartilage degradation using CIA rat models. We evaluated two strategies: prophylactic and therapeutic intra-articular injection in a CIA rat model.

Prophylactic treatment {#sec022}
----------------------

In the prophylactic treatment group, intra-articular injections of EGCG, TA, and PBS in five doses were completed before arthritis induction. The development of CIA was monitored by paw volume measurements. As shown in [Fig 3A](#pone.0127165.g003){ref-type="fig"}, paw volume was unchanged until day 8 in immunized rats. On day 15, we observed a significant (P\<0.001, n = 6) increase in paw volume in PPC, PT, and PE compared to NC, indicating the onset of CIA in immunized rats. There was no significant difference in paw volume at the onset of CIA between the PPC and the PT or PE groups. Beginning on day 22, the PE rats showed significant increases in paw volume until day 36 compared to the PPC rats, but this was not observed in the PT groups. A significant maximum increase in paw volume was observed on day 29 (i.e., increase to 2.78 ml versus 2.21 ml in the positive controls). These observations indicate that the prophylactic treatments of polyphenols EGCG and TA did not alleviate inflammation in the paws of immunized rats.

![Paw volume and cartilage degradation scoring of prophylactically treated groups.\
(A) Paw volume changes in prophylactically treated groups from day -18 to 43 (values analyzed using RM- ANOVA with Graph Pad prism); \"\*\*\*\" indicates significant difference compared to NC (P\<0.001); \"\#\" indicates significant difference compared to PPC (\#\#\# represents P\<0.001 and \# represents P\<0.05); values represented in Mean ± SEM, n = 12. (B) Cartilage degradation scores from histomorphological sections of prophylactically treated groups; \"\*\*\" indicates significant difference from NC (P\<0.01); statistically significant differences between PPC and PT or PE groups indicated as \"\#\" (P\<0.05); values represented in Mean ± SEM, n = 6.](pone.0127165.g003){#pone.0127165.g003}

The evaluation of histological sections of joints from various groups was done blindly for cartilage damage and synovial inflammation. The synovial membrane and cartilage in the NC group was normal. PPC exhibited synovial adhesions and fibrous fatty tissue, and the synovial membrane was inflamed and hyperplasic ([Fig 4A](#pone.0127165.g004){ref-type="fig"}), confirming the induction of CIA. The synovial membranes of PT showed more inflammation than PE, whereas the latter group had few eosinophilic infiltrations. The dark blue stain (by Masson\'s trichrome staining) in the histological sections at the articulating surface indicates the type II collagen matrix of AC ([Fig 4B](#pone.0127165.g004){ref-type="fig"}). In the NC, PT, and PE sections, the collagen was intact (green arrows), whereas the PPC showed irregular collagen matrix loss (black arrows). Histomorphological scoring levels of the cartilage degradation are presented in [Fig 3B](#pone.0127165.g003){ref-type="fig"}. As shown, the combined scoring (of three joints) for cartilage degradation in PT and PE was significantly lower than in PPC (P\<0.05). In addition, AC in PT showed some superficial surface irregularities and rice bodies in the joint space (Fig [4A](#pone.0127165.g004){ref-type="fig"} and [4B](#pone.0127165.g004){ref-type="fig"}).

![Effect of prophylactic treatment of polyphenols on collagen-induced arthritis (CIA).\
(A) Hematoxylin and Eosin-stained sections and (B) Masson\'s Trichrome stained sections of tibiofemoral joints of rats; NC indicates Negative Control (i.e., normal joint without induction and treatment); remaining illustrations are from CIA joints: PPC---Prophylactic Positive Control; PE---Prophylactic EGCG; and PT---Prophylactic TA; (black arrow = disintegrated cartilage; green arrows = intact cartilage)](pone.0127165.g004){#pone.0127165.g004}

Therapeutic treatment {#sec023}
---------------------

In the therapeutic groups, intra-articular injections of EGCG, TA, and PBS in five doses were completed after arthritis induction. As shown in [Fig 5A](#pone.0127165.g005){ref-type="fig"}, the paw volume (indicator of CIA onset) began to change on day 17, confirming significant induction of CIA (P\<0.001, n = 6) in the TPC, TT, and TE groups compared to NC. Early on, paw volume was not significantly different among these groups. In the case of the therapeutic EGCG treatment, paw volume significantly increased on day 22 (P\<0.05) but on day 43 (final) it had dropped significantly (P\<0.01) to a volume of 2.00 ml compared to positive controls (2.29 ml). On day 43, the TT group also showed a significant (P\<0.001) decrease in paw volume compared to TPC (i.e., 1.93 ml for TA and 2.29 ml for positive controls) ([Fig 5A](#pone.0127165.g005){ref-type="fig"}). There was no significant difference between TA and EGCG in reduction of paw inflammation. These observations indicate that therapeutic treatment with polyphenols EGCG and TA did not result in any significant alteration of paw inflammation.

![Paw volume and cartilage degradation scoring of therapeutically treated groups.\
(A) Paw volume changes in therapeutically treated rat groups from day 1--43 (values analyzed using RM-ANOVA with Graph Pad prism; \"\*\*\*\" indicates significant difference compared to negative control (NC) (P\<0.001); \"\#\" indicates significant difference compared to therapeutic positive control (TPC) (\#\#\# represents P\<0.001, \#\# represents P\<0.01 and \# represents P\<0.05); values represented in Mean ± SEM, n = 12. (B) Cartilage degradation scores from histomorphological sections of therapeutically treated groups; \"\*\*\" indicates significant difference compared to NC (P\<0.01); statistically significant differences between TPC and TT or TE groups indicated as \"\#\" (P\<0.05); values represented in Mean ± SEM, n = 6.](pone.0127165.g005){#pone.0127165.g005}

The combined histomorphological cartilage damage scores (of six joints) in the therapeutic groups of TA-treated (TT) and EGCG-treated (TE) cartilage were significantly lower (P\<0.05) than that of TPC ([Fig 5B](#pone.0127165.g005){ref-type="fig"}). The cartilage damage scoring of TE was slightly lower than that of TT but did not reach statistical significance. As shown in H&E histological sections, the cartilage damage was very mild to negligible in most TT and TE samples (Fig [6A](#pone.0127165.g006){ref-type="fig"} and [6B](#pone.0127165.g006){ref-type="fig"}). Upon further observation using Masson\'s trichrome, the cartilage damage was minimal and the cartilage appeared intact in the stained sections ([Fig 6B](#pone.0127165.g006){ref-type="fig"}) of the therapeutically treated joints in groups TT and TE. However, the cartilage in group TPC (as shown) was profusely degraded (black arrows). Cartilage in normal controls was intact ([Fig 6B](#pone.0127165.g006){ref-type="fig"}, green arrows). Synovial inflammation was found in both the TA- and EGCG-treated therapeutic groups. The severity of synovial inflammation in both TT and TE was lower than in TPC.

![Effect of therapeutic treatment of polyphenols on collagen-induced arthritis (CIA).\
(A) Hematoxylin and Eosin-stained sections and (B) Masson\'s Trichrome stained sections of tibiofemoral joints of rats. NC indicates Negative Control normal joint (without induction and treatment); remaining illustrations are from collagen-induced arthritis joints; TPC---Therapeutic Positive Control; TE---Therapeutic EGCG; TT---Therapeutic TA; black arrow = disintegrated cartilage; green arrows = intact cartilage)](pone.0127165.g006){#pone.0127165.g006}

Discussion {#sec024}
==========

Supra-molecular assemblies of type II collagen (CII) are similar to those of type I, forming fibrillar structures. AC, composed predominantly of CII, is a porous matrix that facilitates the diffusion of small molecules through the porous cartilage matrix, which could crosslink with the side-chain functional groups of collagen, as shown in [Fig 7](#pone.0127165.g007){ref-type="fig"}. We show for the first time that treatment with polyphenols increases the thermal stability of AC. Of the various polyphenols tested, EGCG and TA had greater effects on thermal stability. Collagen is an inside-out protein where the side-chain functional groups are projected outward and these can react with multiple hydroxyl functional groups of polyphenols resulting in multiple hydrogen-bonded interactions with collagen, thereby conferring stability to the cartilage matrix ([Fig 7B](#pone.0127165.g007){ref-type="fig"}). Plant polyphenolic molecules can stabilize type I collagenous matrices through hydrogen bonding and hydrophobic interactions \[[@pone.0127165.ref044], [@pone.0127165.ref045]\]. Schlebusch and Kern \[[@pone.0127165.ref046]\] studied the possible stabilizing effects of catechin on collagen for vascular tissue stabilization. Similarly various studies reports stabilization of collagenous tissues through natural crosslinking agents. Cardiovascular tissues \[[@pone.0127165.ref047]--[@pone.0127165.ref052]\], intestinal mucosa\[[@pone.0127165.ref053]\], corneas\[[@pone.0127165.ref054], [@pone.0127165.ref055]\], tendons\[[@pone.0127165.ref056]\], dentin\[[@pone.0127165.ref057]\], cartilage\[[@pone.0127165.ref058]\] and other collagenous scaffolds\[[@pone.0127165.ref059]\] has been studied with crosslinkers like glutaraldehyde, tannic acid, pentagalloyl glucose, genipin, procyanidins and lysyl oxidase etc. Plant polyphenols are found to be equivalent and advantageous in stabilizing the tissues compared to the chemical crosslinking agent glutaraldehyde which are found to be irreversible, cytotoxic and produces calcification\[[@pone.0127165.ref050], [@pone.0127165.ref051]\].

![**Polyphenolic treatment to articular cartilage protects collagen against degradation** a) Mechanistic pathway of polyphenols role in protecting articular cartilage b) Possible Hydrogen and hydrophobic interaction of polyphenols with type II collagen triple helical molecules in the cartilage matrix.](pone.0127165.g007){#pone.0127165.g007}

With the evidence that polyphenols bind to AC, we studied their efficacy in protecting cartilage from enzymatic degradation. EGCG and TA treatments showed greater effects in protecting the cartilage from enzymatic damage, whereas QUE and CAT had lesser effects ([Table 3](#pone.0127165.t003){ref-type="table"}). This is consistent with increases in the thermal stability of AC caused by EGCG and TA. In addition to the collagenolytic degradation of AC, there was a significant release of GAGs from the enzyme-treated AC, which must have been due to the release of GAGs associated with the fragments of collagen fibrils digested from the cartilage. Interestingly, both TA and EGCG treatment exhibited higher efficacy in stabilizing cartilage for collagen degradation and GAG release than did either QUE or CAT. This could be due to the ability of EGCG and TA to form better crosslinking with collagen and other matrix components.

Recently, a study to improve collagen-based biomaterial used for skin anti-aging was conducted using polyphenols, revealing that they block the site at which collagenase acts upon collagen \[[@pone.0127165.ref060]\]. Previous studies have also reported the collagenase inhibitory effects of polyphenols \[[@pone.0127165.ref060], [@pone.0127165.ref061]\]. In our studies, the polyphenol-treated cartilage was thoroughly washed to leach out any free or weakly bound polyphenols and hence eliminating the possibility of having free polyphenols to inhibit collagenase. Therefore, the resistance to collagenolytic degradation was predominantly due to increased crosslinks between polyphenols and CII in the cartilage.

The presence of water, proteoglycans, and collagen is important in maintaining the compressive properties of AC. The loss of proteoglycans will cause a change in the water content and subsequent loss of elasticity and resilience, and the cushioning property will be lost if the collagen and GAG are degraded in cartilage. Therefore, it was important to study the effect of polyphenols on the compressive strength of cartilage. As shown, polyphenol-treated cartilage explants showed less deterioration in load-bearing ability than controls ([Fig 2](#pone.0127165.g002){ref-type="fig"}). The change in load after polyphenol treatment was not more than 10% compared to the change in untreated cartilage (controls). This shows that polyphenolic treatment did not alter the mechanical (compression) properties of cartilage compared to the untreated cartilage explants. Similarly, Sung HW et al reported that genipin and glutaraldehyde treatment to porcine aortic valves did not seem to have significant difference in altering the mechanical properties. Glutaraldehyde treatment showed an increased denaturation temperature (\~ 22°C) than that of Genipin (\~15°C) compared to that of untreated tissues\[[@pone.0127165.ref062]\]. Recently, Satyam et al reported, that treatment of genipin with collagen scaffold was found to improve enzymatic and thermal stability (by \~ 24°C) than that of control and produces significant change in the mechanical properties\[[@pone.0127165.ref059]\].

Polyphenols protecting articular cartilage {#sec025}
------------------------------------------

To enable the polyphenols to be efficient, the intra articular route of injection was selected, which will provide the advantage of direct drug administration but can be subjected to rapid clearance (t~1/2~ of 0.1--6 h)\[[@pone.0127165.ref063]\]. Additional advantage is that biochemically intact polyphenols without being subjected to metabolic changes in the intestinal or hepatic systems would be delivered in the joints. We hypothesize that polyphenols injected intra-articularly will interact with type II collagen and stabilize cartilage against degradation, as illustrated in [Fig 7B](#pone.0127165.g007){ref-type="fig"}. The more efficient polyphenols (in the enzymatic stabilization of AC), EGCG and TA were selected for the *in vivo* studies using CIA rat models.

The onset of CIA was clearly established with increases in paw volumes in both the prophylactic and therapeutic groups (Figs [3A](#pone.0127165.g003){ref-type="fig"} and [4A](#pone.0127165.g004){ref-type="fig"}). The lack of change in paw volume in the prophylactic group ([Fig 3A](#pone.0127165.g003){ref-type="fig"}) is a clear indication that polyphenols have little influence on the time of onset of arthritis or the maintenance of the inflammation level as measured by paw volume; whereas, in the case of the therapeutic groups, there was again no delay in the onset of arthritis or the maintenance of inflammation, except for some reduction in paw volume at the end of the experiment (day 43) ([Fig 4A](#pone.0127165.g004){ref-type="fig"}) compared to the positive controls. In all cases, the positive controls (immunized) had significant inflammation compared to the un-immunized (PBS only) controls. Against this backdrop, the prophylactic intra-articular administration of EGCG or TA showed significant (P\<0.05) protective effects on the degree of cartilage damage as measured by histomorphological scoring compared to the positive controls (Figs [3B](#pone.0127165.g003){ref-type="fig"} and [5B](#pone.0127165.g005){ref-type="fig"}). This indicates that AC in prophylactic polyphenol-injected joints becomes resistant to the subsequent induction of inflammation-induced degradation.

In the therapeutic polyphenol group, there was some reduction in paw volume, indicating a decrease in the degree of inflammation but only during the latter part of CIA, as compared to paw volume in positive controls. This may be consistent with the known anti-inflammatory effects of polyphenols. The therapeutic groups also showed the significant benefit of intra-articular injections of polyphenols in protecting cartilage from degradation during CIA (Figs [4B](#pone.0127165.g004){ref-type="fig"} and[6B](#pone.0127165.g006){ref-type="fig"}). These observations are statistically significant (P\<0.05). EGCG showed a better cartilage-protecting effect than TA. Together this indicates that AC in therapeutic polyphenol-injected joints becomes resistant to concurrent inflammation-induced degradation compared to subsequent inflammation in the prophylactic groups. Previously, catechin (20 μM) was found to inhibit the degradation of bovine nasal and AC explants by inhibiting the chondrocyte catabolic response \[[@pone.0127165.ref015]\]. In another study, EGCG (100 and 200 μM) was effective in inhibiting the IL-1β-induced production of matrix-degrading enzymes \[[@pone.0127165.ref034]\]. Recently, curcumin (1--25 μM) and quercetin (10--50 μM) also inhibited the matrix-degrading enzymes\[[@pone.0127165.ref064]\]. It is possible the protective effect on cartilage in the therapeutic groups could have been caused by the direct inhibition of MMPs. However, polyphenols in synovial fluid would have been rapidly cleared and metabolized, and little would have remained to inhibit the gradual degrading process of MMPs on the cartilage. Another explanation for the protective effect on cartilage could be a reduction in the degree of inflammation in the joints, but this was observed only in the latter part of CIA and was not confirmed by histopathological observation of inflammation in the synovium. Based on our *in vitro* data and the observations in the prophylactic polyphenol treatment groups, we predominantly credit the binding of polyphenols to AC as the likely protective factor against cartilage degradation in the therapeutic groups.

Human collagen type II in the AC matrix is a long-lived protein with an estimated half-life of \>117 years \[[@pone.0127165.ref065]\]. Collagen maturation involves extensive crosslinking, a strategy used for cartilage maintenance throughout the lifespan of most humans. Based on conventional wisdom of vegetable tanning, we have hypothesized that polyphenols could be used to crosslink cartilage collagen type II, rendering it resistant to degradation, as shown in schematic form in [Fig 7](#pone.0127165.g007){ref-type="fig"}. Intra-articular injections of polyphenols prevented cartilage degradation amid the milieu of inflamed joints. Further research is warranted to study the effects of polyphenols injections into the joint cavity and also establishing its role in an osteoarthritis models. In summary, we suggest a unique novel role for intra-articular injections of polyphenols in the therapeutics of cartilage degradation.

Supporting Information {#sec026}
======================

###### Schematic representation of the sampling (sectioning) of rat joint for histolgical analysis of cartilage.

(TIF)

###### 

Click here for additional data file.
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